We report the first demonstration of room temperature (RT) current injection lasing of vertical-cavity surface-emitting lasers (VCSELs), with self-organized InGaAs/(GaAs) 6 (AlAs) 1 quantum wires (QWRs) in their active region, grown on (775)Boriented GaAs substrates by molecular beam epitaxy. A (775)B InGaAs QWR-VCSEL with an aperture diameter of 4 mm lased at a wavelength of 829.7 nm and a threshold current of 0.7 mA at RT. The light output was linearly polarized in the direction parallel to the QWRs due to optical anisotropy of the self-organized (775) Vertical-cavity surface-emitting lasers (VCSELs) are very promising for applications in optical fiber communications and optical interconnects because of their excellent characteristics such as low threshold current, single longitudinal mode operation, circular spot profile of the light output and two-dimensional array capability. However, conventional VCSELs grown on (100) substrates have a problem of polarization instability, namely, their isotropic material gain and symmetric cavity structure cause unstable polarization states or switch of polarization direction with increasing injection current or raising temperature. [1] [2] [3] In the case of high-speed data transmission with the use of VCSELs, polarization switching of light output may result in excess noise and increase bit-error rates. 4, 5) In order to resolve this problem, many methods such as the formation of rectangular mesa, 6) birefringence in top mirrors, 7) and the use of non-(100) substrates 8, 9) have been developed. The use of quantum wires (QWRs) in the VCSELs' active region can be one of the strongest candidates to stabilize the polarization due to optical anisotropy of QWRs. Moreover, it is expected that semiconductor lasers with QWRs used as the active region will achieve lower threshold current, higher differential gain, reduced temperature sensitivity of threshold current in comparison to conventional quantum well (QW) lasers due to their sharply peaked density of states of QWRs. 10, 11) So far, we have reported that highly uniform high-density GaAs [12] [13] [14] and InGaAs 15) QWRs can be self-organized in a thin QW grown on (775)B-oriented GaAs substrates by molecular beam epitaxy (MBE). [Strictly speaking, the (775)B plane should be written as (5 7 77)B-oriented plane, which is 8.5
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off from (1 1 11)B toward (0 1 11); however, we will refer to this plane as (775)B plane for the sake of convenience.] The surface of InGaAs (GaAs) layers grown on a (775)Boriented GaAs substrate are regularly corrugated with a lateral period of a few 10 nanometers and a vertical amplitude of about 1.2 -1.5 (1.0 -1.2) nm, while the AlAs surface is flat. 14) Hence, an InGaAs/AlAs (GaAs/AlAs) QW grown on a (775)B GaAs substrate has a regularly corrugated AlAson-InGaAs (AlAs-on-GaAs) upper interface and a flat InGaAs-on-AlAs (GaAs-on-AlAs) lower interface. These two different interfaces lead to the lateral modulation of the QW thickness. Electrons and holes tend to accumulate in the thick part of a QW, resulting in the formation of a (775)B QWR in a thin QW, where the thickness of the QW layer is less than 4 nm. A (775)B QWR exhibits high density [ð2 { 8Þ Â 10 5 QWRs/cm], good uniformity [full width at half maximum (FWHM) values of photoluminescence (PL) are smaller than 20 meV at 12 K], and good one-dimensionality (PL with strong polarization in the wire direction). Stripe-contact self-organized (775)B GaAs/(GaAs) 4 (AlAs) 2 ( $ 760 nm) and In 0:1 Ga 0:9 As/(GaAs) 6 (AlAs) 1 ( $ 850 nm) QWR lasers exhibited room temperature (RT) lasing with a threshold current density of 2 -3 kA/cm 2 under a pulsed current condition, 16, 17) indicating that the (775)B selforganized QWRs have laser device quality. In the case, however, Fabry-Pérot mirrors are only perpendicular to the direction of the QWRs; thus, QWR lasers cannot take advantage of the one-dimensional characteristics of QWRs. 18) Recently, we demonstrated RT lasing action of a (775)B GaAs/(GaAs) 4 (AlAs) 2 QWR-VCSEL by current injection. The device showed stable polarization characteristics along the QWR direction with an orthogonal polarization suppression ratio (OPSR) of > 20 dB up to an eight times larger injection current than the threshold current.
19) The wavelength of the (775)B GaAs QWR-VCSEL was about 765 nm at RT; this wavelength is too short for light sources in local fiber communication where VCSELs with an emission wavelength of around 850 nm are used. We have already reported that (775)B InGaAs QWR-VCSELs showed RT laser operation at a wavelength of ¼ 830:6 { 846:1 nm by optical pumping, and the laser emission was polarized along the QWR direction independent of optical pumping power. 20, 21) Lasing operation of the 850 nm range InGaAs QWR-VCSEL by current excitation, however, has not been demonstrated. In this study, we fabricated (775)B InGaAs/ (GaAs) 6 (AlAs) 1 QWR-VCSELs and demonstrated RT lasing with an emission wavelength of around 830 nm by current injection for the first time. C by MBE. Regular corrugation with rather straight step edges along ½ 1 110 direction can be seen. The lateral period of the surface corrugation was about 30 nm and the vertical amplitude was about 1.2 nm.
Next, we investigated an optical anisotropy of PL from the (775)B InGaAs/(GaAs) 6 (AlAs) 1 QWRs at RT and at 14 K. PL measurements were carried out by using an Ar-ion laser (514.5 nm) with an excitation power of 1.0 mW and a beam diameter of about 200 mm. The PL spectra from the sample were observed by a monochromator and a photomultiplier. Figure 2 shows the PL spectra of the (775)B InGaAs/ (GaAs) 6 (AlAs) 1 QWRs at RT when the direction of polarization is parallel to that of the QWRs (I == ) and perpendicular to that of the QWRs (I ? ). The FWHM value of the PL peak was 32 meV at RT (15 meV at 14 K). The polarization degree P [ ðI == À I ? Þ=ðI == þ I ? Þ] of the PL peaks of the QWRs was 0.10 at RT (P ¼ 0:10 at 14 K), indicating onedimensionality of the fabricated (775)B InGaAs QWRs in this study.
The cross section of a (775)B InGaAs QWR-VCSEL is schematically shown in Fig. 3 . A bottom n-type distributed Bragg reflector (DBR) consisted of 37.5 pairs of Si-doped Al 0:9 Ga 0:1 As and Al 0:15 Ga 0:85 As layers, and a top p-type DBR consisted of 28 pairs of Be-doped Al 0:9 Ga 0:1 As and Al 0:15 Ga 0:85 As layers. The bottom and top DBRs were grown at T S ¼ 560 C, and they were doped with a carrier concentration of 2 Â 10 18 cm À3 . Quasi-compositional graded layers with a thickness of 21.6 nm were inserted between each Al 0:9 Ga 0:1 As and Al 0:15 Ga 0:85 As layer to reduce the series electric resistance of the DBRs. The active region consists of five InGaAs/(GaAs) 6 (AlAs) 1 QWR layers sandwiched by (GaAs) 6 (AlAs) 3 short period superlattice (SPS) spacers to form a -cavity and was grown at T S ¼ 650 C. The high substrate temperature is necessary to form the regular surface corrugation of a (775)B InGaAs layer and achieve a high optical quality of the InGaAs/ (GaAs) 6 (AlAs) 1 QWRs. In the condition of MBE growth, Indium atoms intensively desorb, which drastically changes Indium content in InGaAs layers. Hence, gain peak wavelength of the InGaAs QWRs is very sensitive to T S during the MBE growth. In order to investigate an alignment between wavelength of gain peak and that of cavity mode, we carried out electroluminescence (EL) measurement of the fabricated (775)B InGaAs QWR-VCSEL structure. EL spectrum was observed from a cleaved surface of the sample. The EL peak wavelength of the (775)B InGaAs QWR-VCSEL was around 850 nm, which was about 20 nm longer than that of the cavity mode.
The epitaxial structure was dry etched using Cl 2 and Ar mixtures to form a circular mesa with a diameter of 28 mm. A 30-nm-thick AlAs layer inserted just above the active region was selectively oxidized at 500 C for 2 min to form a 4-mm-diameter aperture (D a ¼ 4 mm) for current confinement as shown in Fig. 3 . Following this, the mesa was buried in polyimide. Ti/Au and AuGe/Ni/Au metals were deposited for the p-and n-electrodes, respectively. Light is emitted from the top of the device.
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Wavelength (nm) PL intensity (arb. unit) Fig. 4 . The pulse width and repetition rate were 10 ms and 1 kHz, respectively. RT lasing of (775)B InGaAs QWR-VCSELs by current injection was demonstrated for the first time. The threshold current was 0.7 mA and the threshold current density was 5.6 kA/cm 2 . The maximum power output was 0.47 mW and the emitting wavelength was 829.7 nm when the injection current was 1.0 mA, as shown in the inset of Fig. 4 . The threshold current density was almost the same as that of the (775)B GaAs QWR-VCSEL with an aperture diameter of 3 mm; however, the maximum output power was limited to half of that of the (775)B GaAs QWR-VCSEL (0.87 mW), 18) due to the misalignment of gain peak of InGaAs QWRs (20 nm longer than cavity mode wavelength). With increasing injection current, the gain peak shifts to a longer wavelength more rapidly than the cavity mode, leading to a thermal rollover of the I-L curve. An improvement in the lasing characteristics such as light output power and slope efficiency of the (775)B InGaAs QWR-VCSEL can be obtained by optimizing the alignment between the gain peak of the InGaAs QWRs and the cavity mode.
Polarization-resolved I-L characteristics of the (775)B InGaAs QWR-VCSEL under the pulse condition at RT is shown in Fig. 5 . A clear lasing action can be observed when the direction of polarization is parallel to that of the QWRs (L == ), while no lasing was observed when the direction of polarization is perpendicular to that of the QWRs (for L ? up to 5.0 mA). The polarization was stable along the QWR direction with a maximum orthogonal polarization suppression ratio (OPSR) of 13 dB. No polarization switching was observed over the entire range of driving current. The stable polarization characteristic of the (775)B QWR-VCSEL can be attributed to the optical anisotropy of (775)B InGaAs QWRs. The OPSR value will be improved by optimizing the alignment of gain peak wavelength of (775)B InGaAs QWRs with cavity mode wavelength of VCSEL because optical anisotropy of PL for the (775)B InGaAs QWRs became smaller at shorter wavelength than PL peak wavelength as shown in Fig. 2 .
In summary, we fabricated VCSELs with self-organized InGaAs QWR active layers grown on (775)B-oriented GaAs substrates by MBE and realized RT lasing by pulsed current injection for the first time. The threshold current of a device with an aperture diameter of 4 mm was 0.7 mA, which corresponds to the threshold current density of 5.6 kA/cm 2 , and lasing wavelength was at 830.6 nm. Light emission is linearly polarized in the direction of the (775)B QWRs with an OPSR of 13 dB due to optical anisotropy of the (775)B InGaAs QWRs. 
